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The high pT > 3 GeV azimuthal asymmetry, v2(pT), in non-central nuclear collisions at RHIC
is shown to be a sensitive measure of the initial density distribution of the produced quark-gluon
plasma. A generalization of the GLV non-abelian energy loss including Bjorken 1+1D expansion as
well as important kinematic constraints is used. Unlike the low pT < 2 GeV hydrodynamic region,
the pattern of azimuthal asymmetry and suppression at high pT provides an experimental tool to
measure the initial conditions at RHIC.
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Introduction. In order to interpret data on nuclear
collisions from recent Relativistic Heavy Ion Collider
(RHIC) experiments [1-3], it is obviously necessary to
have knowledge of the initial conditions. Currently, there
is an order of magnitude uncertainty in the initial pro-
duced gluon density, ρg(τ0)  10 − 100/fm3, in central
Au + Au at
p
s = 130 AGeV since widely dierent mod-
els [4,5] are consistent [6] with PHOBOS data [1]. We
note that recent PHENIX data [3] appear to be incon-
sistent with at least one class (nal state [5]) of gluon
saturation models. It is essential, however, to check
this with other observables as well. High pT observables
are ideally suited for this task because they provide a
measure [4] of the total energy loss, E, of fast par-
tons, resulting from medium induced non-abelian radia-
tion along their path [7,8]. For intermediate jet energies
(E < 20 GeV), the predicted [9,10] gluon energy loss in
a static plasma of density ρg and thickness, L is approxi-
mately EGLV  E(L/6 fm)2ρg/(10/fm3). The approx-
imate linear dependence of E on ρg is the key that
enables high pT observables to convey information about
the initial conditions. However, E also depends non-
linearly on the geometry, L, of the plasma and therefore
dierential observables which have well controlled geo-
metric dependences are also highly desirable.
A new way to probe E in variable geometries ex-
ploiting the natural spatial azimuthal asymmetry of
non-central nuclear collisions was recently proposed in
Ref. [11]. The dependence of E on the path length L(φ)
naturally results in a pattern of azimuthal asymmetry of
high pT hadrons which can be measured via the dieren-
tial elliptic flow parameter (second Fourier coecient),
v2(pT) [2]. In this letter, we predict v2(pT > 2 GeV)
for two models of initial conditions [6] which dier by an
order of magnitude. We rst generalize the nite energy
GLV theory [9] to take into account the expansion of the
produced gluon-dominated plasma (neglected in [10,11])
while retaining kinematic constraints important for in-
termediate jet energies. Another novel element of the
analysis is a discussion of the interplay between the az-
imuthally asymmetric soft (hydrodynamic [12]) and hard
(quenched jet) components of the nal hadron distribu-
tions. We show that the combined pattern of jet quench-
ing in the single inclusive spectra and the dierential el-
liptic flow at high pT provide complementary tools that
can determine the density as well as the spatial distribu-
tion of the quark-gluon plasma created at RHIC.
Hadron transverse momentum distributions. It is use-
ful to decompose the nuclear geometry dependence of in-
variant hadron distributions produced in A+B ! h+X
at impact parameter b into a phenomenological \soft"











where Npart(b) is the number of nucleon participants
and TAB(b) =
∫
d2r TA(r)TB(r − b) is the Glauber
prole density per unity area in terms of nuclear pro-
le functions, TA(r) =
∫
dz ρA(r, z). The computable
lowest order pQCD dierential cross section for inclusive


















where xa = pa/PA, xb = pb/PB are the initial momentum
fractions carried by the interacting partons, zc = ph/pc
is the momentum fraction carried by the nal observable
hadron, fα/p(xα, Q2α) is the nuclear structure functions
for parton of flavor α and Dh/c(zc, Q2c) is the fragmenta-
tion function for the parton of flavor c into h. We have
checked that with Q2 = p2T/2 and K = 2 the UA1 data
on pp hadron production with pT > 1 GeV can be well
reproduced with the above formula using the MRSD-’
structure functions.
In nuclear collisions jet quenching can modify the hard
cross section by changing the kinematic variables of the
eective fragmentation function. We follow Ref. [11] and
include this eect by replacing the vacuum fragmentation





















where z0c, zg are the rescaled momentum fractions. The
rst term is the fragmentation function of the jet c after
losing energy Ec(pc, φ) due to medium induced gluon
radiation. The second term is the feedback due to the
fragmentation of the Ng(pc, φ) radiated gluons. The








Energy loss in a longitudinally expanding plasma. The
GLV reaction operator formalism [9] expands the radia-
tive energy loss formally in powers of the mean number,
χ, of interactions that the jet of energy E suers along
its path of propagation through dense matter. For a jet
produced at point ~x0, at time τ0, in an expanding and
possibly azimuthally asymmetric gluon plasma of den-




dτ σ(τ)ρ(~x0 + v^(φ)(τ − τ0), τ) . (4)
Note that the gluon-gluon elastic cross section, σ(τ) =
9piα2s/2µ
2
eff (τ), and the density may vary along the
path. For a nite jet energy, E, the approximate upper
kinematic bound of medium induced momentum trans-
fers is jq(τ)maxj 
√
3µ(τ)E and µ2eff (τ) = µ
2(τ)(1 +
µ2(τ)/q2(τ)max). The explicit closed form expression for
the nth order opacity expansion of the gluon radiation
double dierential distribution for a static medium is
given in Ref. [9]. Fortunately, the opacity expansion con-
verges very rapidly due to the formation time physics,
and the rst order term was found to give the dom-
inant contribution. Higher order corrections decrease
rapidly with energy. All numerical results in this let-
ter include 2nd and 3rd order correction factors com-
puted in the static plasma limit [9]. We also include
nite kinematic bounds on the transverse momentum,
k2max = min [4E2x2, 4E2x(1 − x)] and k2min = µ2, for
gluons with light-cone momentum fraction x. Finite
kinematics reduces energy loss at intermediate jet ener-
gies [9,10] as compared to the asymptotic formalism [8].
The dominant (generalized) rst order radiation inten-
sity distribution [9] that holds also for expanding plasmas
























In order to compare to previous asymptotic results [8] for





θ(L − z) , (6)
where α = 0 corresponds to a static uniform medium of
thickness L, while α = 1 to a more realistic Bjorken 1+1D
expansion of the plasma (transverse to the jet propaga-
tion axis). Analytic expressions can be obtained only for
asymptotic jet energies when the kinematic boundaries
can be ignored [8]. If we set q2max = k
2
max = 1, ne-
glect the running αs and change variables k − q ! k,













dz σ(z)ρ(z) (z − z0)µ2(z) , (7)
where we used Z(x, z) = (z− z0)µ2(z)/2xE, and dened












log(Z) +O(Z2) . (8)
For a target of thickness L, the small Z(x, z) limit ap-
plies as long as x  xc = Lµ2(L)/2E. In that do-
main dI/dx / 1/x. For x  xc, f(Z)  log Z and
dI/dx / log 1/x is integrable to x = 0.

















(z − z0) log E
µ(z)
, (9)
which is a linear weighed line integral over the local trans-
port coecient (µ2(z)/λ(z)) log E/µ(z) = 9piα2sρ(z)~v/2.
For a uniform and expanding plasma as in (6)















2− α ~v . (10)
Here ~v = log E/µ and we used that µ2(L)Lα/λ(L) is a
constant independent of L for this type of expansion and
took the z0 ! 0 limit. We therefore recover the asymp-
totic BDMSZ energy loss for both static and expanding
media [8]. We observe, however, that for Bjorken ex-
pansion the parton rapidity density representation of the















If we vary L = R / A1/3 by varying the nuclear size,
then nonlinearity is restored because dNg/dy / A1+δ.
For HIJING initial conditions [4] δ = 1/3, while in the
EKRT saturation model [5] δ  0.
Implications of nuclear geometry. For nucleus-nucleus
collisions the co-moving plasma produced in an A + B
2
reaction at impact parameter b at formation time τ = z0
has a transverse coordinate dependence given by





TA(r)TB(r− b) , (12)
where dσjet/dy is the pQCD mini-jet cross section in pp
collisions at a given
p
s.
We assume that as a function of time the density (12)
reduces due to expansion as (z0/τ)α as in Eq. (6). In the
linear f(Z)  piZ/2 approximation (8), the total energy
loss is proportional to the line integral (7,9) along the jet
trajectory r(z, φ) = r + v^(φ)(z − z0), averaged over the
distribution of the jet production points
























FIG. 1. The fractional energy loss in a Bjorken expanding
quark-gluon plasma produced in central Au + Au collisions
as a function of the gluon jet energy is shown for initial
parton densities [4,5] dNg/dy ' 200, 1000. The asymptotic
(BDMSZ) (dashed) and nite kinematics (GLV) (solid) re-
sults are also compared.














 Sharp cylinder geom.Au+Au 
b = 2 fm
b = 6 fm
b = 10 fm
FIG. 2. The modulation function R(b, φ) is plotted vs. φ
for impact parameters b = 2, 6, 10 fm. Diuse Wood-Saxon
and uniform sharp cylinder geometries are compared. The
most drastic dierence between these geometries occurs at
high impact parameters.











TA(r(z, φ))TB(r(z, φ)− b) , (13)
where TA(r), TB(r− b) and TAB(b) depend on the geom-
etry. In particular, for a sharp uniform cylinder of radius
Reff one readily gets TA(r) = (Anucl/piR2eff)θ(Reff − jrj)
and TAB(0) = A2nucl/piR
2
eff . We can therefore dene
the eective sharp cylinder radius equivalent to a diuse
Wood-Saxon geometry via
F (0, φ)Wood−Saxon = F (0, φ)Sharp cylinder . (14)
For Au + Au collisions and α = 1, Eq. (14) gives
Reff = 6 fm. Eq. (5) can then be integrated numeri-
cally to give E(0)/E, allowing αs to run and including
kinematical bounds. Fig. 1 illustrates the zero impact pa-
rameter fractional energy loss for gluon jets for a broad
range of initial thermal densities of partons [4,5].
For a non-vanishing impact parameter b and jet direc-








 R(b, φ) E(0)
E
, (15)
where the modulation function R(b, φ) captures in the
linearized approximation the b and φ dependence of the
jet energy loss. Fig. 2 shows the R(b, φ) modulation
factor plotted against the azimuthal angle φ for impact
parameters b = 2, 6, 10 fm. Note that R reflects not only
the dimensions of the characteristic \almond" cross sec-
tion shape of the interaction volume but also the rapidly
decreasing initial plasma density as a function of the im-
pact parameter.
Phenomenological soft “hydrodynamic” component. In
order to compare to new STAR data [2] at pT < 2 GeV,
we must also take into account the soft non-perturbative
component that cannot be computed with the eikonal
jet quenching formalism above. In [11] it was simply
modeled by an azimuthally symmetric form tted to pp
data. However, in non-central A + B reactions the low
pT hadrons are also expected to exhibit azimuthal asym-
metry caused by hydrodynamic like flow eects [12]. We









(1 + 2v2s(pT) cos(2φ)) , (16)
where we take T0  0.25 GeV, and incorporate the hy-
drodynamic elliptic flow predicted in [12]
v2s(pT)  tanh(pT/(10 2 GeV)) . (17)
It is important to emphasize that unlike jet quenching,
the hydrodynamic flow was found [12] to be amazingly
insensitive to the initial conditions, equation of state and
freeze-out criteria.
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 HIJING, no shadow., no quench.
 Soft+GLV quench., dNg/dy=200
 Soft+GLV quench., dNg/dy=500






FIG. 3. Sensitivity of central-collision inclusive hadron dis-
tributions to initial conditions and energy loss in the two
component hydrodynamic + quenched jet model. HIJING [4]
prediction (solid curve) without shadowing or quenching is
shown for comparison.













 Hydro+GLV quench., dNg/dy=1000
 Hydro+GLV quench., dNg/dy=500




FIG. 4. The interpolation of v2(pT) between the soft hy-
drodynamic [12] and hard pQCD regimes is shown for the
same range of initial conditions as in Fig. 3. Solid (dashed)
curves correspond to sharp cylindrical (diuse Wood-Saxon)
geometry presented in Fig. 2.
With the inclusion of this non-perturbative soft compo-
nent, it follows from Eq. (1) that the eective dierential
flow is
v2(pT)  v2s(pT)dNs + v2s(pT)dNh
dNs + dNh
. (18)
This interpolates between the hydrodynamic and the
pQCD regimes because at high pT, dNh  dNs. For our
numerical estimates the low pT interpolation is achieved
by turning o the pQCD curves with a switch function
fh(pT) = 0.5[1 + tanh(3(pT − 1.5 GeV))].
Conclusions. Fig. 3 shows the inclusive charged parti-
cle transverse momentum distribution in central Au+Au
collisions with three models of initial gluon densities
dNg/dy = 1000, 500, 200. We see that jet quenching can
be disentangled from the soft hydrodynamic component
only for transverse momenta pT > 4 GeV. In that high
pT > 4 GeV region there is an approximately constant
suppression[10] relative to the unquenched (HIJING) dis-
tribution. The suppression increases systematically with
increasing initial plasma density and thus provides an im-
portant constraint on the maximum initial parton densi-
ties produced in b = 0 collisions.
Fig. 4 shows the predicted pattern of high pT
anisotropy. Note the dierence between sharp cylinder
and diuse Wood-Saxon geometries at b = 7 fm, the
characteristic impact parameter of minimum bias events.
While the central (b = 0) inclusive quenching is insensi-
tive to the density prole (due to Eq. (14)), non-central
events clearly exhibit large sensitivity to the actual distri-
bution. Therefore, v2(pT,b) will provide essential new in-
formation about the geometry of the initial conditions. In
particular, the rate at which the v2 coecient decreases
at high pT is an important indicator of the \stiness" of
the eective geometry.
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